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Autonomous drivingThe convergence of information and communication technologies (ICT) with automotive technologies has al-
ready resulted in automation features in road vehicles and this trend is expected to continue in the future
owing to consumer demand, dropping costs of components, and improved reliability. While the automation
features that have taken place so far are mainly in the form of information and driver warning technologies
(classiﬁed as level I pre-2010), future developments in the medium term (level II 2010–2025) are expected
to exhibit connected cognitive vehicle features and encompass increasing degree of automation in the form of
advanced driver assistance systems. Although autonomous vehicles have been developed for research pur-
poses and are being tested in controlled driving missions, the autonomous driving case is only a long term
(level III 2025+) scenario. This paper contributes knowledge on technological forecasts regarding automa-
tion, policy challenges for each level of technology development and application context, and the essential
instrument of cost-effectiveness for policy analysis which enables policy decisions on the automation sys-
tems to be assessed in a consistent and balanced manner. The cost of a system per vehicle is viewed against
its effectiveness in meeting policy objectives of improving safety, efﬁciency, mobility, convenience and reduc-
ing environmental effects. Example applications are provided that illustrate the contribution of the method-
ology in providing information for supporting policy decisions. Given the uncertainties in system costs as
well as effectiveness, the tool for assessing policies for future generation features probabilistic and utility-
theoretic analysis capability. The policy issues deﬁned and the assessment framework enable the resolution
of policy challenges while allowing worthy innovative automation in driving to enhance future road
transportation.
© 2012 International Association of Trafﬁc and Safety Sciences. Published by Elsevier Ltd. All rights reserved.1. Introduction
In recent years, rapid developments in automotive technology
have placed public policy in the catch-up mode [4,13,44]. Advances
in information and communication technology (ICT) have enabled
the profession to go beyond the original intent of the intelligent vehi-
cle and highway system (IVHS) initiative of many decades ago and
now we are in the era of developing technology for connected cogni-
tive vehicles. Further, experimental autonomous vehicle technology
has recently been tested successfully. The development and the sce-
nario of wide-spread applications of increasingly automated vehicles
in public road networks pose policy challenges. Although an econom-
ically viable autonomous vehicle is not likely to be in the market for
many years, autonomous driving as a public policy issue has already
emerged. The State of Nevada (USA) has passed a new bill (A.B.511)
that directs the Nevada Department of Transportation to allow auton-
omous vehicle testing in certain geographic areas of Nevada [21].); fax: +1 613 520 3951.
, Ataur.Bacchus@Ontario.ca
ssociation of Trafﬁc and Safety ScienAmong policies for future generation, a framework is needed for
assessing automated systems and guiding the progress of promising
automation in driving for the beneﬁt of road users, the economy
and society at large. For example, among other policy issues, public
agencies have to establish the process and method for assessing
new systems that generally have multiple and uncertain effects.
Also, public agencies need to know how their mandate to plan and
operate road network is likely to change should these new systems
be accepted in the mass market [13].
This paper deﬁnes three levels of technological advances, and pre-
sents a policy framework for meeting the challenges of automation
and an associated method for quantifying the cost-effectiveness of
new systems in support of policy decisions.
2. Level of technological advances
2.1. Nomenclature and key deﬁnitions
Over the years, the vision of the intelligent vehicle became increas-
ingly ambitious. An intelligent vehicle in its advanced form should
have cognitive features that mimic non-distracted and non-
aggressive driving tasks. A cognitive vehicle is intended to assist theces. Published by Elsevier Ltd. All rights reserved.
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to take corrective active safety action if the driver is incapacitated
or highly distracted or if the driver wishes the vehicle to take over
driving for a limited duration of time. However, driving an intelligent
cognitive vehicle does not take the driver out of the loop [9,12,26].
The design attributes of a cognitive vehicle are inﬂuenced by human
factors in driving [5]. An autonomous vehicle is self-reliant and fully
automated, and it is designed tomakemission-critical driving decisions.
Autonomous driving in a real life trafﬁc network takes the driver out of
the loop [4,31] and the driver will be free to engage in non-driving tasks
from the start to the end of the trip. Some highly speculative descrip-
tions of autonomous driving claim that the driver need not be in the
driver seat [4,25]. However, in the technical literature, there is no men-
tion of who has the ultimate authority to take corrective action in case
of vehicle or system failure.
It is useful to further clarify the deﬁnition of automated driving and
autonomous driving. In automated driving, driving tasks are automated
for speciﬁc operational tasks. Examples include automated stability
control, automated reduction of speed and if necessary automated ap-
plication of brakes, automated parking. In the case of autonomous driv-
ing, all driving tasks are automated for all operational tasks. This implies
the use of autonomous vehicles with unlimited coverage [4].
2.2. Why automate driving tasks?
According to a World Health Organization study, if current trends
continue, by 2020, annual fatalities due to vehicular accidents are
projected to increase to 2.34 million. It is the leading cause of injury
mortality [45]. Driver error is the primary cause of about 90% of
reported crashes involving passenger vehicles, trucks, and busses
[40]. Distracted driving is emerging as a major cause for concern.
The implication is that if drivers can be assisted with affordable and
reliable technology in avoiding errors or at least their harmful effects
can be reduced, the society will gain net economic and other beneﬁts.
Safety research suggests that common errors in driving result
from lack of timely driver action or reactions to unpredictable events
and incomplete information. These random external factors typically
evolve into complex interactions that the driver without some assis-
tance may not be prepared to handle. This is the reason for accepting
a role for the machine provided that the driver perceives it to be reli-
able. We know for sure that human driver makes mistakes in the driv-
ing environment with its uncertainty attributes. What about the
machine? The uncertainties also work against the machine. According
to expert opinion, contemporary or even advanced machines in the
foreseeable future cannot attain anywhere near the level of holistic
human cognition [31].
The current generation of consumers is aware that machines can
be designed to play a useful and economical role to assist humans.
In spite of the attraction of driving a vehicle, consumers haveLevel I: Pre-2010 (implemented 
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Fig. 1. Levels of technological advancaccepted limited automation in road vehicles provided that it is not
perceived as a source of nuisance [12,31]. To take it a step farther,
according to those who believe that technology can be designed and
taught to be reliable, the higher the level of automation, the better.
This viewpoint leads to the position that fully autonomous driving
will lead to almost zero collisions. However, the mainstream view-
point is that it is prudent to demand high standards of reliability
and favorable cost-effectiveness before deployment approval can be
given for any level of automation [4,31].
2.3. Levels of technological advances and forecasts
Studies have been reported on progressive deployment of auto-
mation in road transportation. For example, see Refs. [35] and [36]
on automated highway system. Advances in the performance of sens-
ing, computing, and communication devices and their integration
have resulted in a variety of driver assistance system that have passed
the demonstration phase and some are appearing in new vehicles.
These systems have limited automated driving capability and in this
paper, these are considered as level I pre-2010 technology develop-
ment (Fig. 1). The level II technological advances will feature a higher
degree of artiﬁcial intelligence and due to design advances, these will
be regarded as cognitive vehicles.
Although autonomous research vehicles are here already and auto-
mated highway tests have been carried out, according to expert opin-
ion it will take much time to develop vehicles with autonomous
driving capability for use in real world complex trafﬁc networks
[4,31]. Therefore, autonomous vehicles and autonomous driving are
regarded as level III (2025+) of technological development (Fig. 1).
2.3.1. Level I pre 2010
Since the emergence of the intelligent vehicle and highway system
(IVHS) ﬁeld a few decades ago, considerable progress has been
made in all aspects of intelligent transportation systems (ITS), includ-
ing services [28]. On-going advances in information and communica-
tion technologies continue to ﬁnd applications in vehicle design, in-
vehicle infotainment/information systems, and an increasing number
of ITS services.
The level I systems are mainly for providing information, guiding
drivers, and in some cases warning drivers about potentially danger-
ous conditions (Fig. 2). These are in essence passive systems intended
to help the driver to take appropriate actions such as navigation, cor-
rect lane positioning, etc. However, there is also the beginning of the
trend of automation for reasons of safety such as electronic stability
control and/or convenience (e.g. adaptive cruise control). Although
level I technologies are functionally mature, these generally exhibit
high cost. According to forecasts, their high cost normwill not contin-
ue for long due to technological advances and mass production for
global markets [1].25
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Fig. 2. Level I: pre-2010 technological developments.
Fig. 3. System cost and reliability over time (Adapted from reference [31]).
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Much has been learnt already from level I technological advances
that have passed demonstration tests. Further, major R&Dworks have
been underway around the world with potential to improve existing
technologies and deliver new products. Examples are highway auto-
mation in the USA [35,36], HAVEit in Europe [11], the present fully
connected ITS in the USA (previously labeled IntelliDrive) [42],
Smart Way and other advances in Japan [2,3,15,16], and advanced
ITS in Korea [2,14,34]. The current state of technological development
is sufﬁciently advanced to enable recent successful demonstrations of
connected vehicle travel in Europe and elsewhere in the world.
In the USA, Europe, Japan, and other industrially advanced parts of
the world, ITS R&D thrusts are underway that feature the intelligent
vehicle as an essential part of intelligent transportation systems. The
knowledge base is improving on how to design basic driver assist sys-
tem that can develop awareness of the driving environment and the
location of the subject vehicle and its neighbors. Also, capabilities of
component technologies are improving [30].
Since the role of the human driver and the driver–vehicle interface
continues to be of research importance, these developments do not
imply that autonomous driving is the goal. However, according to re-
searchers and automotive industry experts, the next step is the devel-
opment of a cognitive vehicle which will integrate intelligent
technology and human factors for providing non-distractive interface
for safety, efﬁciency and environmental sustainability in driving.
Technological forecasts suggest that the following cognitive vehi-
cle features can be achieved with R&D efforts: awareness of position
and surroundings; ability to gather data and send out data; ability
to process data; ability to cooperate/collaborate; communication for
active safety; informs the driver about situations (warnings, advice);
deﬁnes how to deal with driver distraction and aggressiveness; diag-
nostic capability; in the case of crash, capability to send and receive
information; ability to provide non-distractive user interface; and in-
fotainment capability [9,12,17,18,26].
On the market side, there is some need for advanced assisted driv-
ing in speciﬁc driving tasks. But instead of developing separate sys-
tems for various driving tasks, for reasons of economy and
simplicity of architecture, there is a higher level need to develop sys-
tems that can assist the driver in a number of driving situations. For
example, one integrated system should be able to serve as an adap-
tive cruise control, headway control, lane change assist, forward and
lateral collision avoidance through warning and as a ﬁnal resort to
launch the active automated safety action in order to avoid collision.
An associated requirement is connected driving for safety, efﬁciencyand eco-driving. These functional requirements imply that as a mini-
mum, the system should provide warning or other salient informa-
tion to the driver and if necessary, the system should be able to
drive, brake, and steer the vehicle [4,10,25].
2.3.3. Level III 2025+: technological forecasting for the long term
A number of technological breakthroughs will lead to cost reduc-
tion and reliability improvement. In addition to multiple tasking ca-
pability, these are key requirements for successful marketable
automation products. Fig. 3 shows the concept of improving reliabil-
ity and dropping system cost over time.
In spite of these improvements, it is likely that autonomous vehi-
cles will take a long time to become reliable in terms of operational
safety in complex trafﬁc networks. This applies to the overall cost-
effectiveness of autonomous driving. Today's fully autonomous vehi-
cles are in essence experimental research vehicles and are extremely
expensive and lack reliability for autonomous driving. However, opti-
mistic forecasts have also been reported that suggest the feasibility of
autonomous driving in less than two decades.
Some technology forecasters suggest that in the long run, the au-
tonomous vehicle and supporting infrastructure will develop to a
stage that will enable a driver to choose to drive the vehicle in the
manual mode or instruct the vehicle to navigate autonomously
through trafﬁc [4,25,31]. However, technological capability will be re-
quired for devising fail-safe strategies and safety tactics in order to be
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be required to address the consequences of mixing of vehicles driving
autonomously with those under human control. Likewise, the inter-
action of the driver and the vehicle in such mixed trafﬁc operation
requires investigation.
If initially the autonomous driving technology is not able to func-
tion in all trafﬁc situations, and some human interaction will be nec-
essary, the hand-over scenarios between the vehicle and the driver
require study. That is, research is necessary for deﬁning the way
that the driver should be prompted to take over control in certain sit-
uation [4].
There are mixed signals on the acceptance of autonomous driving.
A survey of young drivers reveals that they do not mind handing over
the control to the machine because it solves the problem of distract-
ing effect of infotainment devices and texting while driving [22]. On
the other hand, agencies responsible for public safety are not
impressed with the research autonomous vehicles due to their inability
to handle the uncontrolled uncertainties of the real world [38]. Also,
references have been made to some studies that suggest that in gen-
eral consumers are uncomfortable with a machine making decisions
for them [31].
A review of existing technologies and the technological forecasts
for the medium term suggest that safety beneﬁts from driver warn-
ings and limited autonomous control are likely to be realized by the
end of the medium term. In the long term, incremental beneﬁts can
be reasonably attained only by advancing to a more complex and pos-
sibly more expensive level of functionality, resembling autonomous
driver-support features [30,31].3. Policy perspectives
3.1. New challenges in public policy
Increasing automation in driving will pose major challenges in the
role of government and associated public policy. Since this is a new
phenomenon, there is no prior experience with this development.
Further, policies cannot be the same for application contexts when
driver can take the control of the vehicle away from the automation
system (i.e., the driver remains in the loop) as opposed to fully auton-
omous driving which in an extreme form implies that the driver will
no longer be in the loop. Further, multifaceted policies will be re-
quired to deal with common technical standards essential for interop-
erability of systems, safety design standards and regulations, liability
and litigations issues, incentives for the adoption of worthy innova-
tions (if applicable), societal beneﬁts including positive effects on
the economy, role of government in the provision of necessaryTable 1
State of maturity of intelligent technology and market characteristics.
Market attributes Mature: level I technology features are
well developed.
Dev
High competition for vehicles and
system components other than
infrastructure: mass
consumer market
Context 1 Con
Developed vehicle, control system, and basic
in-vehicle telematics technologies; high de-
gree of competition among suppliers.
Dev
veh
tele
tive
inte
high
ITS
Low competition market: the
products are intelligent
infrastructure and major
components (limited government
or public–private partnership
agencies)
Context 2 Con
Developed system; buyers are a limited
number of government or public–private
partnership agencies; low competition
among vendors for the supply of intelligent
infrastructure components (e.g. trafﬁc control
centers) and specialized ITS/other services.
Dev
tech
inte
adv
ITS/infrastructure and ITS services in support of automation in driving,
and addressing privacy issues.
For handling these challenges, a policy framework is required that
can guide the policy analyst and the decision-maker to plan policies
so as to protect the public interest and enable worthy innovations
to materialize without undue hurdles [4]. The policy framework
should attempt to incorporate innovative policy instruments and
best practices in order to offer opportunities to alter future transpor-
tation scenarios [29]. As a part of the policy framework, a methodol-
ogy is required for the assessment of automation initiatives so as to
compare costs against the achievement of diverse policy objectives
of safety, efﬁciency, mobility, eco-driving, consumer satisfaction
with technology, and needs of special interest groups (e.g. youth, se-
niors). While costs are important to study, policy makers require
guidance on the beneﬁts of new and proposed technology [7]. The fol-
lowing sections of the paper cover a policy framework and associated
methodology that can serve the above requirements.
3.2. Policy contexts
By using three levels of technology development in association
with two market attributes, six policy contexts are deﬁned (Tables 1
and 2). The level I technology features are well developed and are
considered “mature”. The level II technologies are regarded as “devel-
oping” and these can be shaped by the market forces and public pol-
icy. The level III technologies are “under developed” and their
projected costs and performance are subject to more uncertainty
than level II technologies.
For policy analysis, two types of markets are deﬁned, a mass con-
sumer market and a low-competition market. Vehicles, in-vehicle
technologies, and trafﬁc control system components (other than in-
frastructure) are sold and bought in a highly competitive mass con-
sumer market. Contemporary and future smart transportation
requires intelligent infrastructure and major trafﬁc control systems
(i.e., trafﬁc control and management centers). Since there is no
mass market for these components of road transportation system,
these are provided and managed in a low competition market. ITS
services are provided in this market by the public sector or a limited
number of private sector vendors.
The role of government and associated public policies varies from
one context to another (Table 2). In context I, the role of government
is mainly corrective in terms of safety/security, and environmental ef-
fects. ITS services in support of these objectives will continue to be a
requirement. However, privacy issues regarding data capture by in-
telligent systems on traveler location and subsequent use of data
are now beginning to draw policy attention [44]. The cost-
effectiveness (or at least safety beneﬁt vs. cost) information is usefuleloping: level II technologies Under developed: level III technologies
text 3 Context 5
eloping intelligent/connected cognitive
icle, control system, advanced in-vehicle
matics and ITS-platform; highly competi-
market for vehicle, infrastructure-based
lligent control system components; also
ly competitive market for device-based
components.
Under-developed autonomous vehicle
and associated control system
technologies; in-vehicle advanced tele-
matics and ITS platform; device-based
ITS components; highly competitive
market for new technologies for auton-
omous driving
text 4 Context 6
eloping intelligent infrastructure
nology; low competition for the supply of
lligent infrastructure components (e.g.
anced trafﬁc control centers, specialized
other services).
Under-developed infrastructure for
autonomous driving; low competition
for the supply of intelligent
infrastructure components (e.g. control
centers, specialized ITS/other services).
Table 2
Role of government and public policies.
Market attributes Mature: level I technology features Developing: level II technologies Under developed: level III technologies
High competition for vehicles and system
components other than infrastructure:
mass consumer market.
Context 1 Context 3 Context 5
Role of government/policies Role of government/policies Role of government/policies
• Harmonization of standards • Industry–government partnerships for
R&D and demonstrations
• Industry–government partnerships for
R&D and demonstrations
• Limited corrective i.e., safety and
environmental regulations
• Harmonization of standards • Harmonization of standards
• ITS services • Corrective (i.e., safety and environment) • Corrective (i.e., safety, environment)
• Privacy • ITS services • ITS services
• Costs vs. effectiveness • Privacy • Privacy
• Financial incentives/New car
assessment program/(NCAP)
• Mandatory data recorders • Legal framework for liability and
litigation issues
• Legal framework for liability and
litigation issues
• Special insurance policies for autonomous
vehicles
• Costs vs. effectiveness • Mandatory data recorders
• Financial incentives/NCAP • Costs vs. effectiveness
• Financial incentives/NCAP
Low competition market: the products
are intelligent infrastructure and major
components (limited government or
public–private partnership agencies)
Context 2 Context 4 Context 6
Role of government/policies Role of government/policies Role of government/policies
• Infrastructure ownership • Industry–government partnerships for
R&D and demonstrations
• Industry–government partnerships for
R&D and demonstrations
• Safety and environmental regulations • Infrastructure ownership • Infrastructure for autonomous driving
and ownership
• ITS services • Safety and environmental regulations • Safety and environmental regulations
• Operations • ITS services • ITS services
• Costs vs. effectiveness • Operations • Operations: dedicated autonomous use
facilities vs. mixed use
• Costs vs. effectiveness • Costs vs. effectiveness
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to encourage the public to invest in new technologies (e.g. speed con-
trol system) could be considered. Another instrument that is now
used is the New Car Assessment Program (NCAP). This could be
used to include worthy technologies (e.g., new driver assistance sys-
tems). This will give manufacturers an incentive to start offering
these systems in order to maintain high star ratings.
For technologies that have passed demonstration tests, govern-
ment can mandate the inclusion of technology in new vehicles as a
safety standard. For example, the U.S. National Highway Trafﬁc Safety
Administration (NHTSA) and similar agencies of some other countries
have accelerated the market adoption of electronic stability control
(ESC) by mandating this standard in all new vehicles by 2012 [31].
In cases where there is no compelling reason to accord a marketable
product the status of a safety standard, but it is judged to be safe to
use, the government can approve their application.
In context 2, most infrastructure is government owned and oper-
ated. Other roles of government are safety/security, environmental
regulations, and ITS services. The cost-effectiveness of investments
is a useful tool to guide policy decisions.
Context 3 policy challenges include industry–government part-
nerships for R&D and demonstrations of new technology, corrective
safety/security and environmental regulations, ITS services, addres-
sing privacy issues, mandating data recorders and policies regarding
the use of data, and check on costs vs. effectiveness. A legal frame-
work will be required for liability and litigation issues. Also, policies
on harmonization of standards will be needed to enable interopera-
bility. Financial incentives and/or NCAP could be used as policy in-
struments to encourage adoption of innovative technologies by
consumers. An additional note on data recorders is useful. Since
these are going to be a requirement, the use of such data has to be
clearly deﬁned by policy, especially in the context of determination
of fault. Since, infotainment capability is largely a design challenge
so that it will not create unsafe driver distraction, it is not noted in
Table 2 as a policy issue. However, it should be noted here that de-
signers and safety authorities may have to manage popular consum-
erism that appears to favor increasing infotainment capability in the
vehicle [22].To assist in developing new technologies, governments can part-
ner with the private sector industry in R&D and demonstrations for
helping the industrial sector. Also, government actions may help ac-
celerate acceptance and adoption in the mass market. Another ap-
proach for accelerating adoption of automation features by allowing
the inclusion of a system in the rating for the Active Safety New Car
Assessment Program. This creates competition in the market place
and market penetration rises. For example, the NHTSA has included
the forward collision warning and lane departure warning in the rat-
ings for active safety of new car assessment program. Other agencies
can help also (e.g. insurance agencies, consumer report producers)
[31]. The above policies are expected to favor early adoption of cogni-
tive vehicle features in the mass market.
A further note on the legal framework for liability and litigation is-
sues is in order here. Although developing technologies (context 3)
are intended to serve as advanced forms of driver assistants and the
driver is in the loop, these do have automated control capability. Pol-
icy factors related to automation in road vehicles are relatively new.
The liability issue related to vehicle taking over control even for
brief periods is not well addressed so far. The example of the adaptive
cruise control (ACC) is relevant here, which automatically reduces the
speed of the subject vehicle to match the speed with the leading ve-
hicle. A question arises in this and similar cases. Is the driver relin-
quishing responsibility for driving? In the event that the vehicle
under control of the ACC becomes involved in a more severe collision
due to overreliance of the driver on technology, how can the liability
issue be resolved [27]?
In context 4, industry–government partnerships are needed for
R&D and demonstrations of new technology involving smart infra-
structure. Generally, infrastructure has to be owned by the govern-
ment and also a public agency has to operate the system. As in
context 2, safety, environmental regulations for infrastructure and
major control systems, and ITS services are the responsibility of the
government. Costs vs. effectiveness information can help in policy de-
cisions such as investments.
Contexts 5 and 6 covering the under-developed vehicular and in-
frastructure technology for autonomous driving require much policy
attention (Table 2). Policy roles in context 5 include industry–
84 A.M. Khan et al. / IATSS Research 35 (2012) 79–89government partnerships for R&D and demonstration, harmonization
of standards for interoperability, safety, security, environmental regu-
lations, privacy issues, creation of a legal framework for addressing li-
ability and litigation problems, establishing special insurance policies
for autonomous vehicles, mandatory data recorders in support of reg-
ulatory and possibly legal tasks, cost-effectiveness evaluations of au-
tonomous driving system components, and ﬁnancial incentives/NCAR.
Although autonomous driving is a longer term initiative, the pres-
ence of autonomous test cars is putting pressure on public agencies to
develop policies on access and usage of autonomous technologies in
public trafﬁc networks. The example of Nevada's proposed bill was
provided earlier in the paper [21] and according to one source of in-
formation [4], several organizations around the world are also consid-
ering regulation.
In context 6, policies are required in the following areas: industry–
government partnerships for R&D and demonstrations that involve
infrastructure; infrastructure for autonomous driving and its owner-
ship; operations-related policies on dedicated autonomous driving fa-
cilities vs. mixed use facilities; safety and environmental regulations;
and cost-effectiveness.
With reference to contexts 5 and 6 that deal with autonomous
driving, a review of literature indicates that there is little guidance
on whether existing standards can serve the needs of autonomous
driving. If not, new standards will be required. Also, the legal ﬁeld at
this time does not have answers to tort and liability issues [4]. Yet,
both the technical standards and legal tools are required in order to
prepare for high levels of automation that ultimately will take the
form of autonomous driving. Under the existing legal framework
that applies to driving, the general view is that the human driver is
in control of the vehicle. In the era of autonomous driving, what
should be the viewpoint when vehicles will be making driving-
relevant decisions autonomously and the driver will not be in the
loop? [4,31].
There are other difﬁcult questions to be answered as well. Should
there be separate facilities for human controlled vehicles with active
safety (or brief periods of automated control) vs. fully autonomous
driving trafﬁc? Should autonomous vehicles be allowed in trafﬁc
where vehicles are to a large extent under human control? What pol-
icy can cover the mixed mode autonomous and human driving case?
That is, if autonomous driving technology may not have the capability
to drive in all trafﬁc situations and human intervention might be nec-
essary, can this be allowed on all facilities [4,25,31]?
4. Cost-effectiveness framework as a policy tool
If increasing automation is allowed because it enhances “public
good” (i.e. safety, efﬁciency, mobility, eco-driving) and also consumer
convenience objective can be met, then a method is required to view
the overall effectiveness vs. cost. Cost-effectiveness as a method for
evaluating systems and policies originated from defense project eval-
uations many decades ago and was adapted for applications in nu-
merous ﬁelds, including transportation [6,24,32,33,37]. The cost
model includes items that are regarded to be essential in a speciﬁc ap-
plication context (e.g., automotive ﬁeld). Of course, for realism, risk
and uncertainties should be formally treated in the model structure.
The effectiveness part of the cost-effectiveness model has been for-
mulated and applied in practice by using multi-attribute utility theory
in order to accommodate differential weighting of effectiveness cri-
teria, which may include non-dollar type of impacts as well as those
that can be measured only subjectively [6,19,20,24]. As in the cost
model, treating risk and uncertainties is desirable.
A note about model validation is in order here. Since the cost-
effectiveness methodology uses as inputs a large number of factors,
the results of model application can be realistic if the input variables
are valued correctly (e.g. estimates of accidents avoided). Another
viewpoint about cost-effectiveness method validation is that if itsresults are accepted by decision-makers. As the following discussion
on applications suggests, in transportation research, development
and deployment ﬁelds, the cost-effectiveness method is recognized
to have the capability to formally treat the relavant evaluation criteria
that other methods are not designed to handle.
Applications of the cost-effectiveness method encompassing the
multi-attribute utility theoretic model have been reported in peer-
reviewed publications and in public sector manuals over the past
four decades. The reader is referred to example references
[6,19,20,32,33,37] for the merits of the cost-effectiveness methodolo-
gy. As a step in the direction of using this advanced method, the mon-
etary cost per vehicle plus associated infrastructure cost (if any) can
be compared with the monetary beneﬁts achieved through fewer ac-
cidents. Although this information is useful, it is not complete due to
the exclusion of other factors that are regarded to be relevant for
assessing the cost-effectiveness of technology in support of policy
decision-making.
For example, the adaptive cruise control may not appear to be
cost-effective if its cost is viewed against safety beneﬁt alone. Howev-
er, the addition of fuel, emissions and user satisfaction of this technol-
ogy in the effectiveness model can result in a more realistic picture of
the ACC system. Therefore, a methodology is required which can in-
clude in the effectiveness model the achievement of all objectives so
that the overall cost-effectiveness can be studied in support of policy
decision-making. This paper presents methodology for this purpose
that could be applied to mature, developing, as well as under-
developed technologies, provided that data become available.
Since many factors will be included the evaluation of automation
systems that do not have market values (e.g., reduction of pollutants)
or can be quantiﬁed only in subjective terms (e.g., user satisfaction),
the cost-effectiveness method reported here can serve this purpose.
As noted later, costs and safety beneﬁts should be quantiﬁed in dollar
terms. In the broader effectiveness model, other beneﬁts that cannot
be quantiﬁed in dollar terms can be taken into account by using a
utility-theoretic method.
4.1. Cost model
Here, we are concerned with the cost of in-vehicle intelligence/
automation features. In the case of some automation technologies,
applicable costs of infrastructure-based and device-based components
that are required to communicate with the vehicle are to be included.
That is, we should be costing the complete system, not just what is in
the vehicle. The determination of what to cost, and how to forecast
the cost components are important considerations in the cost model
development. Recent European and U.S. publications can be used as
guides for this purpose [8,41].
Uncertainties in cost estimates cannot be ignored. Therefore, var-
ious cost components are to be expressed in probabilistic terms in
the cost estimation process. The choice of the most appropriate prob-
ability density function depends upon the empirical studies and the
cost model is ﬂexible to accommodate any desired probability distri-
bution. However, in the absence of much experience with a given
technology, the use of the symmetrical, i.e. isosceles triangular prob-
ability distribution is recommended. The probabilistic cost estimates
can be obtained analytically as described next. Alternatively, if more
information is available, e.g. if probability distributions are known,
as recommended by the US DOT guidelines for IntelliDrive Beneﬁt-
Cost analysis, the Montecarlo simulation model can be used [41].
The triangular probability distribution requires the least amount of
information for obtaining a realistic description of cost estimates.
The triangular distribution, whether used mathematically or in the
Monte Carlo simulator, requires only three parameters for each esti-
mation activity. Here, cost is identiﬁed as c. The minimum value of
cost c is deﬁned as a, the maximum cost is termed f, and the most
probable cost is deﬁned as m.
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we can ﬁnd the expected cost E(c) in Eq. (1) if the triangular distribu-
tion is used.
E cð Þ ¼ 1
3 f−að Þ
m2 2m−3mð Þ þ a3
m−a þ
m2 2m−3fð Þ þ f 3
f−m
" #
ð1Þ
If some costs are known with certainty, then
E cð Þ ¼ a ¼ m ¼ f : ð2Þ
However, in many situations, only a range of values can be found
and there may not be any clear indication of the most likely value.
Therefore, the most likely value can be assumed to be the midpoint:
m ¼ aþ fð Þ
2
ð3Þ
and the expected value is also
E cð Þ ¼ aþ fð Þ
2
: ð4Þ
The variance of the expected value is given by the following
equation:
V cð Þ ¼ E c2
 
–E cð Þ2: ð5Þ
The standard deviation of cost estimates is:
σ c ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V cð Þ
p
: ð6Þ
In cases where a cost element is known with certainty and
a=m= f, the variance and standard deviation are zero.
In a sub-system l of the overall system cost model, independent
cost components of l (i.e. ci) can be estimated and aggregated:
E clð Þ ¼∑ni−1pi cið Þ:ci ð7Þ
where
E(cl) is the expected cost of sub-system l
ci is the ith cost element of the sub-system l
pi(ci) is the probability of ci.
In the overall system cost model, sub-system costs are assumed to
be independent and are likely to have similar distribution and have ﬁ-
nite variance. By using n again as an index, the expected total cost and
variance for a total of n sub-system cost items can be found by:
E cð Þ ¼∑nl¼1cl ð8Þ
V cð Þ ¼∑nl¼1 E c2
 
−E cð Þ2
h i
: ð9Þ
4.2. Effectiveness model
The effectiveness of an automation system (e.g. collision warning
system) in achieving an objective or satisfying a certain evaluation
criterion such as saving fuel as a result of preventing collisions and
avoiding trafﬁc ﬂow problems, can be found as a utility number. Al-
ternatively, it can be expressed in terms of the units of any criterion
(e.g. dollars used to quantify safety effectiveness). For theoretical
foundation and practical applications of the effectiveness model,
please see Refs. [6,19,20,23,24,33,37].The effectiveness of a system can be expressed as:
e ¼∑ni¼1pi Crið Þ:e Crið Þ ð10Þ
where
e is effectiveness of the system
Cri achievement level of a criterion i by the system expressed
in the original units, i=1,2,…, q.
e(Cri) is the utility of achieving Cri (e.g. safety)
pi(Cri) is probability that Cri will be achieved by the system that is
being evaluated
In order to take into account differential effects or achievement of
an evaluation criterion for various interest or impact groups (e.g.
safety of youth, seniors), further reﬁnements to the methodology
can be made. In such a case, the hth level of criterion g, Crgh, which
can occur due to the use of a system can be expressed as:
Crgh ¼ the hth level of criteriong e:g: safetyð Þ;
weighted for all impact or interest groups e:g:; age groupsð Þ
¼ k1Crg1 þ k2Crg2 þ k3Crg3 þ… :: þ ksCrgs ð11Þ
where
Crg the level of achievement of criterion g for group s (e.g., safe-
ty for group s – seniors, etc.)
ks a weight, reﬂecting the importance of the interest group s
with respect to criterion Crg, and can be determined from
the societal (community's) preference expressed as ranks
such that∑ sks=1.0.
It is a very challenging but essential task to ﬁnd values for various
levels of criteria achievement. However, this can be done by applying
the value or utility theory. The utility in this case is a measure of the
degree that each criterion is achieved by each system that is to be
assessed. A system has a high utility with regard to a particular crite-
rion if it satisﬁes the need expressed by that criterion better than
other systems (e.g., cost of accidents saved by different systems).
In the context of this paper, it is logical to use linear transforma-
tions of criterion achievement levels into the relative value or utility
scale. However, the methodology can permit the use of utility curves
that can be derived from stated preference or revealed preference
surveys of consumers/interest groups. The non-linear curves may
possess the property of diminishing marginal utility (e.g., increasing
infotainment capability of a system). However, due to the difﬁculty
of identifying representative segments of the overall market, these
are difﬁcult to obtain and their linear approximations should be ac-
ceptable under conditions when systems under study do not exhibit
very wide differences in achieving a criterion (e.g. safety).
The process of transforming criterion achievements into relative
values is illustrated in Fig. 4. For the non-linear case:
e Crið Þ ¼ L Cri Cri measured on the original value scaleð Þ½ z for zb1 and i
¼ 1;2;…; q
ð12Þ
where
e(Cri) the utility measure, in transformed units, for criterion Cri.
L and z are constants found from a calibration study.
For the general case of linear transformation:
e Crið Þ ¼ miCi þ bi f or i ¼ 1;2;…; q ð13Þ
p(Cri)
Performance *         
0 Cri original scale
bi
Relative 
value scale    
e(Cri)
10   
*e.g. fuel saved (litres/vehicle/year) 
Fig. 4. Transformation of performance measures from original measures to relative
values.
Fig. 5. Cost and safety beneﬁts of selected level I systems.
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e(Cri) the utility measure, in transformed units, for criterion Cri.
Cri performance/achievement level, corresponding to criterion
i, in original units (e.g., dollars, liters of fule saved, kgs of an
emission avoided)
mi slope of the transformation curve for Cri
bi vertical axis intercept (if applicable).
In the applications reported in this paper, since no utility step
function is applicable, b=0.
The relative value scale can be set in any desirable way. For the ex-
ample evaluations presented in this paper, 0≤e(Cri) ≤10.0.
The effectiveness of a system is obtained as:
e ¼∑qi¼1wi Crið Þj ð14Þ
where
e expected effectiveness of the system, weighted for all inter-
est groups (if applicable) and also weighted for criteria
used
wi weight assigned to criterion i.
The uncertainty of actual effectiveness could be expressed
by showing the utility of the expected value ±1σei. The values
for the measures e(Cri) and σei are obtained by using the trian-
gular distribution of the probability of the criterion achieve-
ment level.
The use of Montecarlo simulation model for estimating expected
value and σ was suggested by the US DOT for the IntelliDrive
beneﬁt-cost analysis [41]. Alternatively, the equations presented in
this section for the triangular probability density function can be
used.
The analyst has the choice to express the effectiveness values in
relative value units (utils) or in units of a particular criterion. For ex-
ample, it is argued in this research that for studying the trade-offs be-
tween costs and effectiveness, it would be beneﬁcial to transform the
relative value units (i.e., utils) into relative units of dollars. Theeffectiveness values can be transformed from utils to the units of
any criterion q as noted below.
e in units of Crq ¼
ej in utils
wq:mq
− bq
mq
ð15Þ
where
wq weight of criterion q
mq slope of the utility function
bq vertical axis intercept (set equal to zero in analyses pre-
sented in this paper).
4.3. Cost-effectiveness model
In the cost-effectiveness model, the cost and effectiveness informa-
tion is integrated and illustrated. The ﬁrst step is to establish the domain
of feasibility or acceptability. This can be accomplished by deciding the
minimumeffectiveness tolerable and themaximumcost affordable. The
cost vs. effectiveness plot can be used to show the control values of cost
and effectiveness for the system under study. Also, impacts of uncer-
tainty on costs and effectiveness values can be added to this plot. Exam-
ples shown in Section 4.4 serve as an illustration of this methodology.
Further, if sensitivity analyses are carried out, perturbations in both
costs and effectiveness can be shown. In the applications reported in
this paper, sensitivity analyses were not carried out.
4.4. Cost-effectiveness of existing systems
European [8] and US DOT [43] studies were used as sources of cost,
safety, and other beneﬁt estimates (reported in cited references) for a
number of level I systems. At a very basic level, the only effectiveness
that can be considered is reduction of accident costs (i.e. safety bene-
ﬁt expressed in dollars). These estimates were developed by compar-
ing accidents “without the automation system” and “with the
automation system”. The valuation of accident costs was based on
the standard uniform costs [8]. Fig. 5 presents cost of system/vehicle
and safety beneﬁt/vehicle for electronic stability control (ESC), lane
departure warning (LDW), intelligent speed adaptation (ISA), adap-
tive cruise control (ACC), collision warning (CW) system, and the
joint CW and ACC. With the exception of ACC, safety beneﬁts cover
costs or exceed costs. However, the combined CW and ACC system
shows a balance of cost and safety beneﬁts. It should be noted that
in this example, only one effectiveness criterion (i.e. reduction in
cost of safety) is used and the achievement was measured in dollar
units. Further, no differential safety beneﬁts were studied for the var-
ious interest groups. Also, no attempt was made to carry out a proba-
bilistic analysis.
A second illustration of the cost-effectiveness approach as a policy
analysis tool involved the assessment of adaptive cruise control (ACC)
Table 3
Cost-effectiveness of selected automation level I systems.
Effectiveness
criterion Cri
Criterion weight
(scale of 1 to 10)
Normalized
criterion weight
Effectiveness
(original scales)
Effectiveness (relative
values) (utils)
Weighted relative
values (utils)
Weighted effectiveness in the
units of safety criterion (dollars)⁎
ACC
Cr1 Safety 10 0.357 $420/veh/yr 2.1 0.75 420
Cr2 Fuel 3 0.107 17.02 L/veh/yr 2.3 0.25 140
Cr3 HC 3 0.107 0.15 Kg/veh/yr 1.5 0.16 90
Cr4 CO 3 0.107 1.34 Kg/veh/yr 2.2 0.24 134
Cr5 NOx 3 0.107 0.10 Kg/veh/yr 2.0 0.21 118
Cr6 CO2 3 0.107 39.84/veh/yr 2.3 0.25 140
Cr7 user 3 0.107 75 out of 100 7.5 0.80 448
Rating 28 ~1.000 2.66 1490
(CW) and ACC
Cr1 safety 10 0.357 $1980/veh/yr 9.9 3.53 1978
Cr2 fuel 3 0.107 17.02 L/veh/yr 2.3 0.25 140
Cr3 HC 3 0.107 0.15 Kg/veh/yr 1.5 0.16 90
Cr4 CO 3 0.107 1.34 Kg/veh/yr 2.2 0.24 134
Cr5 NOx 3 0.107 0.10 Kg/veh/yr 2.0 0.21 118
Cr6 CO2 3 0.107 39.84/veh/yr 2.3 0.25 140
Cr7 user rating 3 0.107 75 out of 100 7.5 0.80 448
28 ~1.000 5.44 3048
⁎ e in the $ unit of Cr1 (Safety)=[weighted relative value] / [weight of safety 0.357×slope of the utility function 10/2000] (Please see Eq. (15)).
5900 
Acceptable cost & acceptable effectiveness quadrant
e ($) e(Utils)                                     CW+ACC 
10
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The cost and safety beneﬁt estimates are the same as used in the pre-
vious example. As shown in Table 3, seven effectiveness criteria are
used, covering safety, efﬁciency (i.e. reducing fuel consumption),
emissions, and user rating. Safety criterion achievement information
(expressed in monetary units) was sourced from references [8] and
[43]. Estimates of fuel savings were obtained from references [39]
and [43] and emissions were estimated from data presented in refer-
ence [39]. User rating information was inferred from reference [43]
and transformed from the ordinal scale to the interval scale. The as-
sumed criteria weights were used by considering safety to be more
than three times the importance of other criteria. By using linear
transformations, and the criteria weights, the effectiveness values
were converted into weighted relative value units and another ver-
sion was expressed in the units of safety (i.e., dollars).
For the ACC alone and the combined CW+ACC, Fig. 6 presents
expected cost/vehicle, expected safety beneﬁt/vehicle and expected
overall effectiveness/vehicle (in relative value terms). Although the
ACC alone shows low expected safety effectiveness, its overall effec-
tiveness presents a much more realistic picture. It should be noted
that the ACC was developed mainly for driver convenience and it is
known to improve trafﬁc ﬂow, reduce fuel consumption and emis-
sions. The combined CW+ACC is showing a balance of expected
cost and expected safety beneﬁt. But, its overall effectiveness looks
very impressive.
The policy analysts can show very useful information by placing
the results of probabilistic cost-effectiveness analysis in a diagram
(Fig. 7). The expected effectiveness of a system can be plotted against
expected cost and also the standard deviations can be shown. The de-
cision maker has the option of deﬁning an acceptable cost and accept-
able effectiveness quadrant so that systems that fall outside this
quadrant can be analyzed further or not favored for implementation
and therefore no incentives are extended for their purchase in the
mass market. Also, the cost effectiveness plot can suggest the relativeFig. 6. Cost and effectiveness of systems.position of various systems in terms of desirability and the standard
deviations can be viewed as indicators of variance in costs and overall
effectiveness.
An examination of the information presented in Fig. 7 suggests
that the ACC and CW+ACC systems are satisfactory in cost-
effectiveness terms and the increased cost of the combined system
is accompanied by higher effectiveness. Modest variation in cost
and effectiveness reﬂects rather small standard deviations in the esti-
mated values of variables used in the model.
5. Medium and long term cost-effectiveness of automation
For policy development purposes, it is useful to build on the con-
tents of the previous sections of this paper in synthesizing a view
about the long term cost-effectiveness of automation in driving. The
real world experience in the cost-effectiveness of automation in driv-
ing is limited to level I technologies. However, even in these cases, the
costs and effectiveness data are scarce and represent limited installa-
tions and tests. Since technology is expected to improve over time
and costs will drop, we can expect better cost-effectiveness than pre-
sented in this paper.
In the medium run, level II technologies will be going through the
research, development and demonstration phases and these will
build on the success of the existing systems. However, as shown in
Fig. 8 in conceptual terms, in spite of the uncertainties of the future,
the Level II automation technologies are expected to show better
cost-effectiveness results than the existing ones. This observation ise
2950 5 c
ACC                        
Effectiveness too low  
590 1
0 1200 2000
C($/vehicle) 
1800160014001000
Fig. 7. Cost–effectiveness of selected level I technologies.
System overall                                       
effectiveness                                      
 (Relative value                                   L denotes level of automation 
 units) 
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Fig. 8. Concept of diminishing marginal long term cost-effectiveness of automation.
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ical forecasts presented in Section 2 of this paper. It is expected that
with a modest increase in cost, the corresponding gain in effective-
ness is likely to be impressive.
The development of level III automation technologies (i.e., auton-
omous driving) technologies, if policy-guided, should show an incre-
mental improvement over and above the level II technologies. But,
due to substantial cost increase, the cost-effectiveness of level III au-
tomation technologies is likely to exhibit a diminishing marginal
cost-effectiveness. Also, costs as well as effectiveness estimates will
be highly uncertain.6. Discussion of uncertainties, conclusions and recommendations
The role of government and associated public policies logically de-
pend upon the level of automation and the market context. In this
paper, we have deﬁned six such contexts and their corresponding
policy challenges. As expected, the prospects of increasing automa-
tion will require a systematic comprehensive policy framework so
as to be prepared to respond to complex issues and also to inﬂuence
technology development in order to maximize societal beneﬁts. To
be realistic, the policy framework and supporting methodology ac-
knowledge future uncertainties.
The government (public sector) should be prepared to adopt pol-
icies that ensure safety and other beneﬁts and also to provide the re-
quired support, including intelligent infrastructure. This will
encourage technology developments that are highly valued by the
driving public, the economy and the society.
Public agencies may wish to review existing policy/legal regula-
tions in terms of capability to handle the requirements of automation
technologies that are likely to be ready for implementation in the fu-
ture. In the medium run, although the advanced driver assistants of
the cognitive vehicle will be designed to keep the driver in the loop,
it is not certain that the complexities of the issues can be handled
within the existing policy/legal framework.
As compared to the middle run, additional policy/legal capability
will be required to address the requirements of partially or fully au-
tonomous driving in the long run. Legal and policy factors for auton-
omous driving involve much uncertainty and also will require much
consultation among public, government regulatory agencies and the
industry. It is likely that a signiﬁcant percentage of drivers may not
be comfortable with full autonomous driving. In such a case, consum-
er comfort with autonomous driving may be improved by empower-
ing of the driver in making the ﬁnal control decision (i.e. overriding
the function of the collision avoidance driver support feature). This
is in line with the cognitive vehicle attributes.The cost-effectiveness methodology serves as a useful policy anal-
ysis tool due to its capability to treat differential effects on various in-
terest groups, multiple evaluation criteria, criteria weights, and
uncertainties in costs and effectiveness estimates.
Application of the cost-effectiveness methodology enables a num-
ber of observations. First, the cost-effectiveness of a number of exist-
ing automation technologies reported in this paper is acceptable. The
second observation is based on the technological forecast that in the
medium run, technology breakthroughs and mass markets are
expected to lower the costs. At the same time, due to design improve-
ments, effectiveness is likely to rise. Consequently, it is logical that the
methodology indicates enhanced cost-effectiveness. Third, in the long
run, due to high level of automation in partial or full autonomous
driving, the costs are expected to be high. With proper policy guid-
ance and sound designs, safety and other features can be improved.
Although the overall cost-effectiveness is likely to rise, it is expected
to do so at a diminishing marginal rate.
The policy implication of technological forecasting and cost-
effectiveness studies presented in this paper is that as compared to
medium term automation initiatives which give cause for much opti-
mism, there is a need for much caution in proceeding to the level III
automation (i.e., fully autonomous driving) technologies.
Government's R&D assistance can be prioritized on the basis of
overall cost-effectiveness that should include safety, efﬁciency, mo-
bility, environment, and industrial beneﬁts. The methodology
reported here can serve as a policy analysis aid for this purpose. Fur-
ther, the methodology has the capability to give effectiveness credit
for systems that enhance the mobility of special interest groups
such as “seniors” and to give demerit points to those system designs
which do not manage driver distraction.
Should hurdles of technology and human factors be absent and the
projected cost-effectiveness of autonomous driving becomes favor-
able, there will be public or at least special interest group pressure
to reform the legal and policy framework so that autonomous driving
can proceed with acceptable risk. However, in such a scenario, it is de-
sirable that the policy and legal instruments should be devised on the
basis of high quality objective research and these instruments should
be a step ahead of technology applications.Acknowledgments
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